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@ Sensor for components of a liquid mixture. 



@ A sensor electrode to detect one or more components in a 
liquid mixture comprises an electrically conductive material hav- 
ing at least at an external surface, the combination of an enzyme 
catalytic for a reaction of the desired component, and a mediator 
compound which transfers electrons from the enzyme to the 
electrode when such catalytic activity takes place. It can be used 
as an in vivo glucose sensor either with a silver electrode coated 
with e.g. glucose oxidase and a polyvlologen as the mediator, or 
with a particulate carbon electrode, glucose oxidase and chloranil 

^ or fluoranil as mediator. Another system is to use bacterial 
glucose dehydrogenase or glucose oxidase as the enzyme and/ 
or ferrocene or a ferrocene derivative as the mediator compound 
to give electrodes with improved linearity, speed of response and 

™ insensitivity to oxygen. 
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1 . 



^i«-hps to eauipment and methods 
This invention relates to eiiux^. 

^ ^^cctn-rlne the amount of, 
for detecting the presence of, measuring 

1 «<■ r,ne or more selected 
and/or monitoring the level o. one or 

components in a liquid mixture. 

While use may te made of this invention in 
Chemical industry, especially where complex mixtures 
.re encountered (e.g. in food chemistry or hiochem.cal 
engineering) it is of particular value in hiological 
investigation and control techniques. «ore particularly, 
it lends itself to animal or human medicine, and xn 

• « ^^QoiTP-ino- or monitoring of 
particular to m vivo measuriiio or 

components in body fluids. 

"•or,oP the invention will te described 
For convenience, T^xie ixj-vcx 

•n.^ r.ne such procedure, the 
with reference primarily to one sue y 

> o-ivrose in a diabetic human subject, 
. determination of glucose m ci 

* ^ while usable on a specili 

l,y the use of equipment which, while us 

or occasional basis also lends itself to temporary 

or permanent implantation. However, while the provision 

of an implantable glucose sensor is a ma^or object of 

A..^ r^-h-if^rts are not hereby 
,0 the invention other and broader objects 

excluded . 

in vivo glucose sensors have already been 

-i- based on direct oxidation- of 
proposed. One proposal lo basea o 
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glucose at a catalytic platin-um electrode (see Hormone 
and Metabolic Research, Supplement Series No. 8, pp 10- 
12 (1979)) "but suffers from the . drawback of being non- 
specific and of being easily poisoned by interfering 

5 substances. Another proposal, for a procedure more 

specific to glucose, involves the use of glucose oxidase 
on an oxygen electrode (Adv. Exp. Med. Biol , 50 pp 189-197 
(197^))'but is not very responsive to the high glucose 
concentrations. Other systems using glucose oxidase 

10 have been proposed but not fully investigated for 

in vivo methods, see e.g. J. Solid-Phase Biochem. 4- pp 
255 - 262 (1979). 

The inventors have recently carried out in 
vitro studies of enzyme -catalysed reactions using a 
15 mediator in solution to transfer the electrons arising 
from the enzyme, during its action, directly to the 
electrode, as described in Biotechnology Letters 3 
pp 187 - 192 (1981). 

It has now been realised that mediator compounds 
20 can be associated with the sensor electrode structure 
thus rendering such electrodes available for use by 
in vivo methods. 



In one aspect the present invention consists 
in a sensor electrode for use in liquid mixtures of 
25 components for detecting the presence of, measuring the 
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oatalyeed reaction, tl.e ele= ^ 3^, 

e.eot.ioam conductive »a.e..al and P ^^^^^^ 

^ ^-^T Te J- en..e . oa^a...... 

electrons to the eiec-cj- 

active - 

■ A sued to determine 
P.eferal,ly the electrode .s desxgned 

, 3e m vi™. en.^e is therefore prefera.l. 
' or possm. a .luoose deh,drosenase , 

fflucose oxidase, oi v 
. Lr e.a„pxe a hacterlal Sl-se dehydrogenase. 

. , f * .D-Blucose : oxygen oxldoreductase , 
„ox.dase(^ ^^^^^^^^^^ 

„i==islflcation EC I.I.J.'"-^ 
of enzyme olassiiic 

Bacterial glucose dehydrogenase xs 
,5 of enzyme. Bacter g ^^^^^ ^ .^.oprotein 

recent discovery, and g,,,p(Kiq) Reference 

«ith a polycyclio.uinone P^^*^^*"^; 

,3 .ade to IMine et al .IBS, (Oct. 1931)376 

Arch. Hiorohiol (1982) 13'' -27-5^ • 

^ 4-»^ial -glucose dehydrogenase in 
Use of such a t-aoterial giu use 
20 V, = .^rtain advantages over the use 

the present invention has c 

1-hat it can 

, Of a glucose oxidase..he.a,oradvanta^-s ^ 

,,.e an oxygen-insensitive glucose sensor, sxh 

° prtron acceptor. ^ 

does not use oxygen as an electr 
enzyme does n (as described in more 

25 suitable en.,nne can ^e puxxfxed (as 
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detail below) either' by conventional chromatographic 
techniques or by two-phase aqueous partition from a 
- range of micro -org arJ. sms . A preferred micro-organism 
is Acinetobacter calcoaceticus but various Gluconobacter 
5 species (e.g. Gluconobacter oxidans) or Pseudomonas 
species (e.g. Pseudomonas f luorescens , Pseudomonas 
aeruginosa) can also be used. 

Mediator compounds which may be used in 
accordance with the invention are of different 
10 chemical types but. all possess the electron-transfer 
property referred to above. 

1. The mediator may for example be a polyviologen, 

for example, the type of material described in J. Polyn. 
Sci. 15 PP 1 - 16 (1975), J. Appln. Polym.Sci. 24 
pp 2075 - 85 (1979) or J. Polym. Sci. 12 pP 31^9-57 
(1979). A specific preferred polyviologen is that 
compound made from o-dibromo xylene and A-.A-' -bipyridyl, 
according to the following reaction:- 



15 





and described in Polymer Letters 9 PP 289-295 (1971) 
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Sucli polyviologen material as described 
"below, can be coated over or bonded to electrodes. 
It may include in its molecule longchain alkyl groups 
to increase its molecular weight and thus decreases its 
mobility. 

2. The mediator may be a low-molecular weight 

compound 6f the group comprising chloranil, fluoranil 
or bromanil. The ortho -substituted isomers, and 
especially o-chloranil , are preferred within this class . 

5. A. particularly preferred form of mediator 

compound is a ferrocene or ferrocene derivative. 

A ferrocene has, as its ftindamental structure , 
an iron atom held "sandwiched" by dative bonds 
between two pentadienyl rings. It is an electroactive 
organometallic compound, acting as a pH-independent 
reversible one-electron donor. Various derivatives are 
available (e.g. with various substituents on the ring 
structure, possibly in- polymer form) differing in redox 
potential, aqueous solubility and bonding constant to 
glucose oxidase or bacterial glucose dehydrogenase enzyme 

For instance, the redox potential of the parent 
compound is +422 mV vs NHE. By introducing functional 
groups on to the ring system, E'o can be varied between 
+300 and +650 mV. Moreover, the water-solubility of the 
carboxyl-substituted ferrocenes is greater than that of 
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the parent compomid. Further description will be 

found in Kuwana T., 1977, ACS Symposium Series, 38^ 15^. 

Among specific mediator compounds of this type 
are ferrocene itself, 1 ,1 ' -ferrocene dicarboxylic acid, 
dimethyl ferrocene, and polyvinyl ferrocene, e.g. 
of average molecular weight of about 16000. 

4. Among further classes of mediator compounds 

for use in the present invention there figure 

(a) compounds of biological origin and hence general 
compatibility with any proposed in vivo use, 
e.g. Vitamin K 

(b) alkylsubstituted phenazine derivatives. 

The electrically conductive material of the 
electrode itself can be a metal, particularly silver, 
or carbon either as a pre-formed rod or as an electrode 
shape made up from a paste of carbon particles. Surface 
condition of the electrode is usually important. If 
metal, the surface can be roughened where it contacts 
the active materials (enzyme and/or mediator). If 
solid carbon, the surface can be "oxidised" i.e. prev- 
iously heat-treated in an oven with oxygen access. 

Of the two types of enzyme listed, the 
dehydrogenase is preferred, and of the mediators the 
ferrocene -type compounds are preferred. 
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Certain combinations • of the above materials, 
and certain configurations of electrode, are preferable 
in practice. 

Polyviologens may be used with metallic 
electrodes. In one modification the invention 
envisages a metal electrode (preferably silver and 
with a roughened surface) coated with a mixture of 
glucose oxidase and a polyviologen described above, 
for example, in an agar layer and having a dialysis 
membrane located over this coating in. order to 
prevent loss of active material while still allowing 
passage of the small glucose molecules. 

Another modification of the invention provides 
a metal electrode coated with a stable fiM of 
glucose oxidase and a polyviologen co -immobilised 
on the metal surface e.g. by albumen and glutaraldehyde. 

Yet another modification of the invention 
envisages a conductive electrode made of or including 
material to which a polyviologen is covalently 
bonded and further combined with glucose oxidase. 
The large polyviologen molecule, projects from the 
electrode surface and this is believed to facilitate 
interaction with the enzyme. 



In that form of the invention using poly- 
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violosens , as exemplified in the three modifications 
above, it is an o-bjective to keep loss of active 
material (enzyme or mediator) to a very low level i.e. 
by the surrounding membrane, co -immobilisation or 
covalent bonding. In a different form of the invention, 
however, still using glucose oxidase, a rather higher 
level of loss of active material is tolerated, giving 
a sensor electrode of reduced but still useful life, 
coupled with improved sensitivity and selectivity. 

In this form of the invention the electrode 
is composed of particulate carbon mixed with a low 
molecular weight mediator disseminated throughout 
the electrode and glucose oxidase. Chloranil and/or 
fluoranil are usedul mediator substances. It is envisaged 
to construct from such an electrode a replaceable 
sensor tip to a needle-type probe for prodecting only 
into the dermis so as to allow ready replacement. 

Optionally, enzyme immobilisation materials, 
or polymeric electrode admixtures e.g. TEFLON, or 
long-chain alkyl derivatives of mediators of increased 
molecular weight and thus decreas ed mobility , can be 
incoporat ed . 

In a particularly valuable form of the invention, 
however, the electrode comprises a carbon core, a layer 
of ferrocene or a ferrocene derivative at a surface 
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thereof and a layer If glucose oxidase or glucose 
dehydrogenase at the surface of the ferrocene layer. 
The enzyme layer is preferably imchilised at the 
surface of the underlying mediator, retained in a 
self-sustaining gel layer thereupon and/or has a 
retention layer thereover permeable to the glucose 
moleculer. 

The carbon core can itself be solid or a stiff 
paste of particles. Hoxmally, it will present a smooth 
0 surface for the ferrocene or ferrocene derivative, 
*ich may be adhered thereto in a number of ways, for 
example , 

■P«-^-r.or-PTiP or ferrocene derivative, 
(a) B"or a moaomerxc ferrocene or lexj-v^ 

deposition from a solution in a readily 

^ n-^-in-jH o o- an oreanic solvent such 
evaporatable Ixquid e.g. an ox&cxixj. 

as toluene. 

(1,) For a ferrocene polymeric derivative, deposition 
from a readily evaporal^le organic solvent 
for the polymer such as chloroform. J. Polymer 
20 Sci. 1976, li 2^53 describes preparation of a 

polyvinyl ferrocene of average molecular weight 
ahout 16000 which can he deposited in this way. 
(c) . For a polymerisahle ferrocene -type monomer, hy 
electrochemically induced polymerisation in 
25 situ, e.g. by dissolving vinyl ferrocene in 

an organic electrolyte containing tertiary butyl 
ammonivan perchlorate in concentration about 
and depositing at a potential of - 700 mV 
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vinyl ferrocene radicals as a polymer in situ, 
(d) By covalent modification of the carbon 

electrode e.g. by carbo-diimide cross-lirJcing 
of the ferrocene or ferrocene derivative 
on to the carbon. 

The enzyme to be coated on to the ferrocene or 
ferrocene derivative can be the glucose oxidase or the 
bacterial glucose dehydrogenase. The glucose oxidase 
can be immobilised to the underlying surface e.g. by • 
the carbo-diimide material DCC (1-cyclohexyl-3-(2- 
morpholino ethyl) carbo-diimide metho-£-toluene 
sulphonate) which gives a thin strongly bound layer, 
a good linear response to low glucose concentrations, 
and oxygen insensitivity (because of the competition 
from the ferrocene with oxygen for electrons trans- 
ferred to the enzyme redox centre from the substrate). 
Using DCC immobilisation of glucose oxidase on 
ferrocene also extends the top end of the linear 
range of the sensor from about 2mM to 40mM. 

Other methods of immobilisation, or other 
forms of protection e.g. incorporatedinto a self- 
supporting gelatine layer, are also possible. 

The bacterial glucose dehydrogenase can also be 
immobilised at the mediator surface, but may be merely 
deposited from an evaporatable solution, or held in a 
gelatin layer. 
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Optionally, but preferably when being used on 
live blood, a protective membrane surrounds both 
the enzyme and the mediator layers, permeable to 
water and glucose molecules. This can be a film of 
dialysis membrane ,resilLen-ay held e.g. by an elastic 
0-ring. It can however also with advantage be a layer 
of cellulose acetate, e.g. as formed by dipping 
the electrode into a cellulose acetate solution in 
acetone. 

It will be apparent that while the invention 
has primary relevance to a sensor electrode, es- 
pecially such an electrode specific for glucose, 
it also relates to the combination of such an 
electrode and temporary or permanent implantation 
means, e.g. a needle-like probe. Also, such an electrode, 
connected or connectable, with signal or control 
equipment, more especially with an insulin adminis- 
tration means, constitutes an aspect of the invention. 
Moreover, a method of monitoring a diabetic subject 
involving the use of a temporarily or permanently im- 
planted electrode as described above is also within 
the scope of the invention. 

The electrodes according to the invention 
permit the manufacture of an improved macro-sensor 
for use in hospital analytical glucose -sensing in- 
struments of the existing type. The advantages compared 
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to known instruments would be that the increased 
linear range together with very low oxygen sensitivity 
would allow omission of the dilution step involved 
in -blood analysis in current instruments. Moreover, 
as described in more detail below, the response 
times of such electrodes are short - 56 seconds 
for 95% of steady state depending on complexity of 
solution) . 

The electrodes of the invention, on the 
macro-scale could be incorporated into simple, cheap 
electronic digital read-out instriaments for doctors 
surgeries or diabetic home-testing kits. 

Use of a small version of the macro-sensor 
would be possible in a device vvhich automatically 
takes a blood sample from the finger, brings it into 
contact with the sensor, amplifies the signal and 
gives a digital readout. Use of a micro-version of 
the sensor in a watch type device for monitoring glucos 
interstitial fluid in the skin could also be envisaged. 
It would be worn on the wrist and would have a dis- 
posable sensor cartridge in the back with one or more 
separate, fine, needle-type sensors. Each would feed 
into the electronics which if several sensors were 
used would cross-refer the current inputs to ensure . 
reliability. 
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Connection of such devices to external insulin 
delivery systems could act as a feedback control loop 
for an insulin pump. Indeed, such a device could be 
housed in the canula used to feed insulin into the 
body from a pump and again serve as a sensor for the 
feedback loop. Other uses such as a hypoglycaemia 
alarm, or digital read-out monitor, are also possible. 

The invention will be further described with 
reference to the following Examples 1 to 3 and to the 
accompanying drawings, in which: 

Figure 1 is a diagrammatic longitudinal cross- 
section through a glucose sensor electrode, 

Figure 2 is a diagrammatic longitudinal cross- 
section through a different form of glucose sensor 
electrode. 

Figure 3 is a graph of the current sensed by 
the electrode of Figure 2, against glucose concentration. 

Figure 4 is a diagrammatic longitudinal cross- 
section of the electrode of Figure 2 located within a 

, hypodermic needle, 

Figure 5 is a diagrammatic longitudinal cross- 
section through a yet further glucose sensor electrode, 

Figure 6 is a graph analogous to Figure 3' for 
the electrode of Figure 5, 

Figure 7 is a graph analogous to Figure 3 for 
an electrode incorporating a glucose dehydrogenase. 



0078636 

col.^ were co.Mned'td concentrated u^ing milipore 

CX-30 iiomersible ultraf liters . 
Example 2 

Purification of Quinoprotein Glucose Dehydrogenase 
5 from ...icoaceticus (alternative method) 

(a.') Growth of Organisms 

The method of Example 1 was repeated. 

Cb) Purification of GDH 

The method is based on the partitioning of 
,0 proteins between two liquid phases. The steps were:- 

1 . Cells were thawed and resuspended at 5 ml/g 

wit weight in 50 mH sodium phosphate, pH 7,0. They were 
. then pre-cooled on ice and passed once through a 

Stansted pressure cell (made by Stansted Eluid Power 
,5 Ltd., Stansted, Essex, IK) at 25000 psi. This provided 

the cell-free extract. 

2. The cell-free extract was then mixed, for 15 

:ainutes at room temperature with 50% (w/v) polyethylene- 
20 glycol 1000, 50% (w/v) sodium phosphate, pH 7-0 and 
distilled water in the proportions of 2:^:5:1 

respectively. This mixture was centrifuged at 5000 rpm 

for 5 minutes to break the emulsion. 

5. The lower layer was aspirated off and desalted 

25 immediately, by either diaf iltration using an Amicon 
hollow-fibre ultrafiltration cartridge of 10000 mwt 
cut off, or by passage through a Sephadex G50 (medium 
grade) gel filtration column. 
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4. The resulting solution was concentrated 

using an Amicon PMIO membrane in a nitrogen pressure 
cell. 

Example 3 

5 Intejr.action between ferrocene and glucose 

oxidase 

DC cyclic voltammetry was used to investigate 
the homogeneous kinetics of the reaction between 
ferrocene and the glucose oxidase enzyme under substrate 

10 excess conditions. A two compartment electromechemical 
cell of 1.0 ml volume fitted with a Luggin capillary 
was used. The cell contained a 4.0 mm gold disc working 
electrode, a platinum gauze counter-electrode and a 
sat^urated calomel electrode as a reference. A series 

15 . of voltamogram.s for ferrocene was recorded at scan 

rates of 1-1000 mVs"'^ in 50 mM potassium phosphate 

buffer, pH 7.0. The data showed that the mediator 

1 

acted as a reversible, one-electron acceptor =+165 WV 
SCE. • ■ 

20 Addilion of 50 mM glucose has no discernable 

effect on the electrochemistry of the mediator (50CJf«ii). 
Upon addition of glucose oxidase (lO^m), however, an 
enhanced anodic current was observed in the voltamogran at 
oxidising potentials with respect to the mediator. This 

25 indicated catalytic regeneration of the reduced form 

of the mediator by glucose oxidase. Quantitative kinetic 
data was obtained for this reaction using an established 
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procedure (Nicholson, R.S. and Shain, J., 1964, 

nh.n.. 56, 707). The mediator gave a second order 
rate constant for the reaction hetween f erricinium ion 
and reduced glucose oxidase of K=loV^i\ This 
ahility of the f erricinium ion to act as a rapid 
oxidant for glucose oxidase facilitates the efficient 
coupling of the enzymic oxidation of glucose. 

Example ^i 

The procedure of Example 3 was repeated using 
1 ,r -ferrocene dicarhoxylic acid instead of ferrocene. 
The value of Eo' was determined to he +420 mV, and the 
second order rate constant of the f erricinium ion and- 
reduced glucose oxidase was again 10 m" S ,thus 
confirming the conclusions drawn from Example 3. 

Example 3_ 

Glucose oxidase/p f^lyviologeJ^ 

For experimental purposes an in vitro sensor 

was made up as shown in Figure 1 . 

A silver disc 1 was glued at 2 over the lower 
end of a length of 12 mm glass tuhing 3. A wire 5 was 
soldered to the hack of the silver disc at 6. The 
tuhing was placed inside a "Teflon" sleeve 7, and the 
outside of the disc 1 roughened at 8. A solution 
containing glucose oxidase and the o-dihromo xylene/ 
4, 4'hipyridyl polyviologen was applied over the roughened 
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surface 8 and dried to layer 9. A subsequent layer 10 
of molten agar also containing the glucose oxidase and 
polyviologen, of approximately 1 mm in thickness was 
placed over the layer 9, and solidified. Finally, 
5 dialysis membrane 11 was placed over the assembly and 
held by 0-ring 12. 

A 

To demonstrate the principle of using the 
polyviologen mediator to couple electrically the 
glucose oxidase to anelectrode , the sensor was placed 
10 in a buffered electromechanical cell, which was 
• stirred and agitated with a current of nitrogen. The 
electrode was held at -90vM vs SCE, and current flow 
measured on a chart recorder. Aliquots of glucose were 
added. As the glucose concentration in the solution 
15 increased, 'over the range of 1 to 8mM, the current 
also increased, indicating that the electrode was 
acting as a glucose sensor. 

Example 6 

Glucose oxidase/Chloranil 
2Q Chloranil (lOmg) was mixed with carbon powder 

(1.5g) and NUJOL (1ml) to form a paste and used as 
an electrode in a similar liquid system to the above. 
The electrical coupling between the enzyme and electrode 
was so effective that the enzyme preferentially reduced 
25 the electrode rather than the oxygen, so that the system 
was oxrgen-insensitive. The current response was linear 
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the l-iOmM glucose concentration range. 



Examrile 7 

Glucose/Oxidase Dimethyl Ferrocene 

Mini electrode for in vivo glucose sensing in 

skin 

A graphite rod 13 (Figure 2) with an oxidised 
surface, 30 mm long x 0.9 mm diameter is glued with 
epoxy resin into a nylon tube 14 25 mm long, 0.9 mm 
inside diameter, 1,3 mm outside diameter. The end 15 
of the electrode is dipped into a solution of dimethyl 
ferrocene, (10 mg/ml) in toluene, and the solvent is 
then allowed to evaporate. 

The end 15 of the electrode is placed into a 
solution of water soluhle DOC (25 mg/ml) in acetate 
■buffer, pH 4.5 for 1 hour. It is then rinsed, in huffer 
only, for 5 minutes and thereafter placed in a solution 
of glucose oxidase (10 mg/ml) in acetate huffer, ph 5-5, 
.for 1^ hours before again rinsing in buffer. The tip 
of the electrode 15, with the layers of dimethyl ferrocene 
and immobilised enzyme is then dipped into a solution 
of cellulose acetate dissolved in acetone and formamide 
and put into ice water for several minutes, to give 
a protected and stable electrode. 



This electrode was connected to a potentiostat , 
together with a suitable counter electrode and calomel 
reference electrode and placed in a solution containing 
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glucose. The potential of the working electrode is kept 
It H-100 mV to 300 mV relative to the calomel electrode, 
i.e. as low as possible to avoid oxidation of potentially 
interfering substances. A current is produced which is 
proportional to the glucose concentration. The time for 
95% of response is less than 1 minute and the electrode 
gives a near linear response over the range 0 -52 mM 
glucose, as shown in Figure 5. Slow loss of activity 
f erroceneCdue to slow loss of ferrocinium ion) can he 
Hiinimised hy keeping the electrode at a potential between 
0 and -lOOmV vs. a standard calomel electrode when not 



in use. 



Figure ^ shows in section an electrode stroacture in 
which an electrode (references as in Figure 2) of much 
smaOJer size is held within a hypodemic needle 16 plugged 
at its point 17 hut with side windows 18 for passage of 
blood or other body fluid. The small size of such an 
electrode and its linear response over a large range of 
glucose concentrations makes it possible to use the 
electrode for in vivo . glucose determination on both 
severely diabetic and normal individuals. 

Example 8 

Glucose Oxidase/Ferrocene 

In vitro sensor 
A caxbon rod 19 (Figure 5) Ultra carbon, grade U5, 
6 mm X 15 mm) with a metal connector 20 secured in one 
end was sealed in glass tubing 21 (borosilicate , 
6 mm i.d. X mm) with an epoxy resin (araldite). (not 
shown). The exposed surface at 22 was polished with 
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emery paper and ivashed with distilled water. The 
entire rod was heated in an oven for 40 h at 200°C to 
given an oxidised surface at 22. 

15Afcl of ferrocene (20 mg/ml in toluene) was 
pipetted onto the oxidised surface and allowed to dry 
completely. The rod was then placed in 1 ml of water- 
soluble DCC (25 mg/ml in 0.1M acetate buffer, ph 4.5) for 
80 min at room temperature. The rod was then washed in 
0.2 M carbonate buffer, pH 9-5 and placed in a glucose 
oxidase solution (Sigma type X, 12.5 mg/ml) for 1^ hours 
at room temperature. It was finally washed with water 
with a pH 7 buffer containing 0.2 g/1 glucose) and stored 
at 4°C. 

The characteristics of the above electrode 
were determined in a nitrogen-saturated buffer solution 
(0.2M NaPO^,pH 7-3) and are shown in Figure 6. The 
curve is linear from 2 to 25 mM glucose and reaches 
saturation current at lOOmM in glucose. 

In separate tests with an air-saturated buffer 
at Sml^ glucose the current was measured as being at least 
95% of that produced in the nitrogen-saturated buffer. 

Response time was also measured, being the 
time taken to achieve 95% of maximum current for the 
given glucose cone ^ith the nitrogen-saturated 
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buffer an electrode as descril^ed above had a response 
time of 24 seconds at 2inM glucose and 60 seconds at 
em glucose. With the same buffer, such an electrode 
modified hy a cellulose acetate membrane coating (produced 
5 as in Example 7) S^ve response times of 56 seconds 
(2mM) and 72 seconds (6mM) . With blood, this modified 
electrode gave response times of 56 seconds (blood 
with a known 2mM glucose content) and 72 seconds (blood 
at a known 6mn glucose content). 

^0 Electrodes as above were stored in 20mM NaPO^, 

pH7 for 4 weeks at ^'^C as a stability test and thereafter 
re-examined as above. The results were within 10% and 
usually within 3% of results with a freshly made electrode 

Example 9 

^5 Glucose Dehydrop;enas e/Ferrocene 

A stiff carbon paste was made up from 1 ,6 g of 
Durco activated charcoal and 2.5 ml of liquid paraffin. 
A Pasteur pipette of 6 mm internal diameter was blocked 
2mm from its wide end by a silver disc to which a 
20 connecting wire was soldered, The space between the disc 
and the end of the. pipette was filled with the carbon 
paste, and the surface of the paste was polished with 
• pa-oer until smooth and even. 

A single 20 microlitre drop of a toluene 
25 solution of ferrocene (20 mg/l) was placed on the 



5 
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smooth surface and allow to spread and evaporate to 
leave a film of the ferrocene. 

A fiirther drop of 25 microlitres of bacterial 
glucose dehydrogenase solution as obtained in Example 
1, containing between 1 and 10 mg. of protein per ml, 
was placed on this ferrocene surface and allowed to 
spread. 

A cover of dialysis membrane was secured over 
the so-coated end of the electrode by a tight-fitting 
10 0-ring- 

Example 10 

Glue o s e Dehydr oggna ns e /F err oc ene 
The procedure of Example 9 was repeated but 
using as electrode the same carbon paste packed into 
-15 the space defined between the end of a length of nylon 
tubing and a stainless steel hypodermic needle shaft 
insef-ted therein terminating 2 inm. short of the tubing 
end, so as to define a small electrode body. The electrode 
was further fabricated using only 5 microlitres of the 
20 ferrocene solution .and 1 microlitre of the enzyme 
solution. 



Example 11 

Glue o s e Dehydr o ge nas e /E err o c ene 

The procedure of Example 9 was repeated using 
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as electrode a solid carbon rod (Ultracarbon grade U5 
6 diameter) within a Pyrex glass tube 5 cm long and 
6 internal diaiaeter and connected to a stainless 
steel hypodermic shaft, giving a construction similar 
to that shown in Figure 5. The end of the carbon rod 
was polished smooth with emery cloth and aluminium 
oxide powder prior to the application of the 
ferrocene solution. 

• Example 12 

Gluco s e D e h vdrogenas e /Ferroc ene 
A gelation-entrapped glucose dehydrogenase 
was prepared ^ mixing at 57°C, 25 mg gelatin, 
0.5 ml of the glucose dehydrogenase solution as 
dlscrihed in Example 9 and 2.5 microlitres of TEDIED. 
After complete dissolving of the gelatin 200 microlitres 
of the solution was spread over an area of 2 cm and 
allowed to dry under a stream of cold air. 

A disc of 0.25 c-m - area was then used instead 
of the drop of enzyme solution in Example 9- 

Example 13 

C-lnco s e Dehydro-g ^n as e /Ferroc ene 
Example 12 was repeated using a disc of 
the gel of 1 mm^ area and applying it instead of the 
drops of enzyme solution in the construction, of example 

10. 
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The results obtained from the electrodes 
described in Examples 9 to 15 are all similar, and 
show a very specific electrode of low oxygen sensitivity. 
By way of example, the electrode of Example 12 was 
calibrated and gave the results shown in Figure ?• 

Devices such as shown in the Examples 
offer advantages over most of the enzyme-based sensors 
currently available. When compared to such sensors 
prior to dilution steps, the present electrode has 
an equal or faster response time, the ability to 
operate under anaerobic conditions, greater oxygen 
insensivity (important in blood samples, where oxygen 
concentration is variable), extended linear range 
covering the complete physiological range and comparable 
j specificity, stability and eas"? of manufacture. 
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CLAIHS: 

^ . A sensor electrode for use in a liquid mixture of 

components for detecting the present of, measuring 
the amount of, and/or monitoring the level of, one 
or more selected components capable of undergoing an 
enzyme-catalysed reaction, the electrode being composed 
of electrically conductive material, characterised in 
that it comprises at least at an external surface 
thereof , the combination of an enzyme and a mediator 
compound which transfers electrons to the electrode when 
the enzyme is catalytically active. 

2. A sensor electrode as claimed in claim 1 
characterised in that the enzyme catalyses a reaction of- 
glucose whereby there is provided a glucose sensor. 

3. A sensor electrode as claimed in claim 2 
characterised in that the enzyme is a glucose oxidase. 

4. A sensor electrode as claimed in claim 2 
characterised in that the enzyme is a bacterial glucose 
dehydrogenase. 

5. A sensor electrode as claimed in claim 4 
characterised in that the glucose dehydrogenase is • 
separated from Acinetobac -t^^T- nalcoaceticus . 
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5 A sensor electrode as claimed in w of cla^s 

1 to 5 characterised in the mediator compound is a poly- 
violosen, o-chloranil, or a ferrocene-type compound. 

7 A sensor electrode as claimed in claUn 6 

characterised in that the ferrocene-type compound is 
ferrocene itself 1 ,1 • -f errocenedicarbo:^lic acid, 
dimethyl ferrocene, or polyvinyl ferrocene. 

8 A sensor electrode as claimed in any of claims 1 
to 7 Characterised in that the electrode is made of 
silver, of a carbon particle paste or of solid carbon. 

9 A sensor electrode as claimed in any of claims 
1 to 8 characterised by the particular combination in 
Which the electrically conductive material is carbon, 
the mediator compound is a layer of ferrocene or a 
ferrocene derivative a.d the en.yme is a glucose oxidase 
or bacterial glucose dehydrogenase located upon the 
layer of mediator compound. 

^0.' A sensor electrode as claimed in claim 9 
characterised in that the ferrocene or ferrocene 
derivative' is ' in monomeric or polymeric form and 
deposited from a readily evaporatable orgaiiic solvent 
therefor; or in polymeric form and produced at the 

of the corresponding monomer; 
surface by polymerxsation oi "cne cuj. y 

vs^r, e»iprtrode "by carbo-diimide 
or is bonded to the carbon elecrxoae ujr 

cross-linking. 
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11. A sensor electrode as claimed in claim 9 or 

10 characterised in that the enzyme is a glucose oxidase 
immobilised on the mediator by DCC« 

12. A sensor electrode as claimed in claim 9 or 
10 characterised in that the enzyme is a "bacterial 
glucose dehydrogenase either deposited on the mediator 
layer from an evaporatahle solution, or held in a 
gelatine layer at the surface of the mediator layer* 

13. A sensor electrode as claimed in any of claims 
9 to 12 characterised by having an outermost protective 
membrane permeable to water and glucose molecules, such 
as a layer of cellulose acetate deposited from a 
solution thereof. 

14. A sensor electrode as claimed in any one of 
the proceeding claims 1 to 15 in combination with 
temporary or permanent implantation means such as 

a needle-like probe. 

15. A sensor electrode combination as claimed in 
claim 14 in further combination with signal or control 
equipment. 
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